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Abstract
West Nile virus (WNV) genome cyclization and replication require two pairs of long-distance RNA interactions. Besides the previously reported
5′CS/3′CSI (conserved sequence) interaction, a 5′UAR/3′UAR (upstream AUG region) interaction also contributes to genome cyclization and
replication. WNVs containing mutant 5′UARs capable of forming the 5′/3′ viral RNA interaction were replicative. In contrast, WNV containing a
5′UAR mutation that abolished the 5′/3′ viral RNA interaction was non-replicative; however, the replication defect could be rescued by a single-
nucleotide adaptation that restored the 5′/3′ RNA interaction. The 5′UAR/3′UAR interaction is critical for RNA synthesis, but not for viral
translation. Antisense oligomers targeting the 5′UAR/3′UAR interaction effectively inhibited WNV replication. Phylogenic analysis showed that
the 3′UAR could alternate between pairing with the 5′UAR or with the 3′ end of the flaviviral genome. Therefore, the 5′UAR/3′UAR pairing may
release the 3′ end of viral genome (as a template) during the initiation of minus-strand RNA synthesis.
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Many members from the genus Flavivirus in the family Fla-
viviridae are arthropod-borne, and cause significant human dis-
eases (Gubler et al., 2007). Among those, the four serotypes of
dengue virus (DENV), West Nile virus (WNV), yellow fever
virus (YFV), Japanese encephalitis virus (JEV), and tick-borne
encephalitis virus (TBEV) are emerging or reemerging patho-
gens. For example, there are an estimated 50 to 100 million cases
of human infection by DENV yearly (WHO, 2002). Since the
outbreak of WNV in New York in 1999, the virus has spread
throughout the Western Hemisphere, including the contiguous
United States, Canada, Mexico, the Caribbean, and parts of
Central and South America (Kramer et al., 2007). Understanding
the molecular details of flaviviral replication will be instrumental⁎ Corresponding author. Fax: +1 518 473 1326.
E-mail address: ship@wadsworth.org (P.-Y. Shi).
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doi:10.1016/j.virol.2008.01.016in the development of effective vaccines and therapeutics against
these pathogens.
The flavivirus genome is a single-strand, plus-sense RNA,
of approximately 11,000 nucleotides in length (Lindenbach
et al., 2007). The single open-reading frame (ORF), flanked by
a 5′ untranslated region (UTR) and a 3′ UTR, encodes a poly-
protein which is processed by viral and cellular proteases into
three structural proteins (capsid [C], premembrane [prM] or
membrane [M], and envelope [E]) and seven nonstructural
proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5). The
structural proteins are required for viral particle formation. The
nonstructural proteins are involved in viral RNA replication
(Lindenbach, Thiel, and Rice, 2007), virion assembly (Kummerer
and Rice, 2002; Liu et al., 2003), and evasion of host innate
immune responses (Liu et al., 2005; Munoz-Jordan et al., 2003).
NS3 acts as a serine protease (with NS2b as a cofactor), RNA
triphosphatase (RTPase), nucleoside triphosphatase (NTPase),
and helicase (Li et al., 1999; Warrener et al., 1993; Wengler and
Wengler, 1991). NS5 functions as an RNA-dependent RNA po-
lymerase (RdRp) (Ackermann and Padmanabhan, 2001; Guyatt
2 Rapid Communicationet al., 2001; Tan et al., 1996) and a methyltransferase involved in
methylation of the 5′ RNA cap structure (Egloff et al., 2002;
Koonin, 1993; Ray et al., 2006; Zhou et al., 2007). After trans-
lation of infecting viral RNA, replication complexes are formed
through interactions among viral proteins, host proteins, and viral
RNA in a finely modulated fashion. The plus-strand genomic
RNA is transcribed into a complementary minus-strand RNA,
which in turn, serves as the template for the synthesis of more
plus-strand genomic RNA (Lindenbach et al., 2007).
The 5′ and 3′ terminal sequences of flavivirus UTRs can form
conserved stem-loop structures (Brinton and Dispoto, 1988;
Brinton et al., 1986; Mandl et al., 1993; Rice et al., 1985). Two
long-distance RNA interactions have been proposed to cyclize
flavivirus genomic RNA. The first RNA interaction is mediated
by base pairings between a 5′ conserved sequence elementFig. 1. RNA elements involved in flavivirus genome cyclization. (A) Terminal seco
and DENV-1. Stem-loop structures were calculated with the Mfold program (Mat
5′UAR/3′UAR, are indicated by dashed lines. The sequences for the 5′UAR, 5′CS, 3
and DENV-1 sequences are AF404756, NC_002031, and M87512, respectively. Th
DENV-1 RNA; the initiation codon for YFV is between the 5′UAR and the 5′CS (not
denotes numbering from the 3′ end of the genome. (B) The 5′UAR/3′UAR and 5′CS
(C) Antisense PPMOs against WNVRNA used in this study. P007 represents an Arg-r
chemical components of the P007 and the structure of PPMO backbone were descri(5′CS; a mosquito-borne flavivirus-conserved sequence located
in the N-terminal coding region of the C gene) and a 3′CSI
element (located in the 3′ UTR) (Hahn et al., 1987); the
5′CS/3′CSI interaction was shown to be important for RdRp
activity (Filomatori et al., 2006; You and Padmanabhan, 1999),
and for the replication of several flaviviral replicons and vi-
ruses (Bredenbeek et al., 2003; Corver et al., 2003; Khromykh
et al., 2001; Kofler et al., 2006; Lo et al., 2003; Men et al., 1996).
The second long-distance RNA interaction is mediated by the
base pairings between a 5′UAR (upstream initiation AUG re-
gion) element and a 3′UAR sequence (located at the bottom
portion of the 3′ stem-loop of the genome). The 5′UAR/3′UAR
interaction was recently reported to be essential for DENV-2
replication (Alvarez et al., 2005b). However, it is currently not
known whether the 5′UAR/3′UAR base pairing is important forndary structures and potential long-distance RNA interactions of WNV, YFV,
hews et al., 1999). The two long-distance RNA interactions, 5′CS/3′CSI and
′CSI, and 3′UAR are labeled. The GenBank accession numbers for WNV, YFV,
e AUG initiation codon of the open-reading frame is shaded gray for WNV and
shown). For WNVRNA, the nucleotides are numbered for both ends; symbol “-”
/3′CSI base pairing interactions that contribute to genome cyclization in WNV.
ich cell-penetrating peptide that is conjugated to the 5′ end of each oligomer. The
bed previously (Deas et al., 2005).
Fig. 2. Analysis of 5′CS/3′CSI interaction inWNVgenome cyclization. (A)Muta-
tions disrupting 5′CS/3′CSI base pairings abolishes genome cyclization. Se-
quences, base pairings, and coding amino acids of theWTand a mutant 5′CSI are
indicated (left panel). Approximately 5 pmol of 3′ 111-nt RNA probe (internally
labeled with α-32P-ATP) was incubated with indicated amounts of cold WT or
mutant 5′ 190-nt RNA. The reaction mixtures were then resolved on a native 8%
polyacrylamide gel followed by autoradiograph (right panel). (B) Inhibition of
genome cyclization by an antisense PPMO targeting the 3′CSI sequence. The
antisense 3′CSI PPMO was incubated with the 3′ 111-nt probe alone or with the
pre-formed 5′ and 3′RNA duplex as indicated. The reactions were then analyzed
on a native gel, as described in (A). A scramble PPMOwas included as a negative
control. The free probe of the 3′ 111-nt RNA, the 5′ 190-nt/3′ 111-nt RNA
duplex, and the 3′ 111-nt RNA/3′CSI PPMO complex are indicated on the left
side of the gels.
3Rapid Communicationother flaviviruses. Furthermore, the specific roles of the 5′UAR/
3′UAR interaction in the processes of viral translation, RNA
synthesis, or virion assembly remain to be determined.
The goal of this study is to examine the function of the
5′UAR/3′UAR interaction inWNV.Using a direct RNA binding
assay, we show that WNV genome cyclization requires both the
5′CS/3′CSI and 5′UAR/3′UAR base pairings. WNVs contain-
ing 5′UAR mutations allowing retention of genome cycliza-
tion were replication-competent. In contrast, WNV containing
a 5′UAR mutation that abolished interactions of 5′ and 3′ RNA
was replication-defective; engineering of a revertant mutation
into this 5′UAR mutant RNA rescued viral replication through
restoration of the 5′ and 3′ RNA interaction. Mutagenesis of
a luciferase-replicon suggests that disruption of the 5′UAR/
3′UAR interaction does not affect viral translation, but destroys
RNA synthesis. Furthermore, interference with the 5′UAR/
3′UAR interaction using antisense oligomers inhibits WNV
replication in cell culture.
Results
Direct detection of 5′CS/3′CSI interaction
Fig. 1A shows the 5′ and 3′ stem-loop structures formed by
the WNV, YFV, and DENV-1 genomic RNAs, and the potential
base pairings of 5′CS/3′CSI and 5′UAR/3′UAR. To directly
monitor the RNA interactions involved in WNV genome cy-
clization, we adapted a previously reported method used to
study the long-distance RNA interactions in DENV-2 (Alvarez
et al., 2005b). This method involves an RNA binding assay in
which the interactions between two RNAs, one representing the
5′ terminal 190 nucleotides (5′ RNA) and the other represent-
ing the 3′ terminal 111 nucleotides (3′ RNA), could be inves-
tigated. The 5′ RNA contains the 5′UAR (nt 82 to 95) and the
5′CS (nt 135 to 146), and the 3′ RNA contains the 3′UAR
(nt -68 to -80) and the 3′CSI (nt -96 to -107; “-“ denoting
nucleotide numbering from the 3′ end of the WNV genome;
Fig. 1A). Fig. 1B shows the putative base pairings between the
5′CS/3′CSI and 5′UAR/3′UAR elements that result in genome
cyclization. Genome cyclization was postulated to occur through
the formation of an RNA duplex between the 5′ RNA and the
3′RNA. Incubation of the 3′RNA probe (5 pmol) with the wild-
type 5′RNA resulted in an RNA duplex that was detectable on a
native polyacrylamide gel (Fig. 2A, lanes 2–5). The amount of
RNA duplex increased in proportion to the amount of 5′ RNA
added to the reactions; all 3′ RNA probe became duplexed
when the amount of 5′ RNA reached 4–8 pmol, indicating that
the stoiciometry of the RNA duplex was approximately 1:1
(Fig. 2A).
Mutations disrupting the 5′CS/3′CSI base pairings were
lethal to flavivirus replication (Bredenbeek et al., 2003; Corver
et al., 2003; Khromykh et al., 2001; Kofler et al., 2006; Lo et al.,
2003; Men et al., 1996; You and Padmanabhan, 1999). Pre-
viously, a replicon containing a 6-nt change within the 5′CS was
shown to be non-replicative (Lo et al., 2003). The non-repli-
cative phenotype of this mutant was not caused by the mutation-
mediated amino acid changes in C protein, because knockingout the first AUG (authentic initiation codon) so that the trans-
lation initiated at the second AUG (within the 5′CS element) did
not affect WNV replication (Tilgner and Shi, unpublished
results). To directly examine the effect of the 5′CS/3′CSI mis-
matches on WNV genome cyclization, we analyzed a mutant
5′RNA (containing the 6-nt change within the 5′CS; Fig. 2A) in
the RNA duplex formation assay. Consistent with the previous
replicon result, the 5′ RNA containing the 5′CS mutations could
not form the RNA duplex with the 3′ RNA (Fig. 2A, lanes 6–9).
We sought to further validate the results of the gel-shift assay
in studying the 5′ and 3′ RNA interactions by using antisense
oligomers. We previously showed that an antisense phosphor-
odiamidate morpholino oligomer (PPMO) with sequence com-
plementary to the 3′CSI region (Fig. 1C) could inhibit WNV
both in vitro and in vivo (Deas et al., 2005, 2007). The 5′ end of
the PPMO is conjugated with an Arg-rich peptide that is
required for efficient cellular delivery. Incubation of the 3′CSI
PPMO with the 3′ RNA yielded a 3′ RNA/3′CSI PPMO com-
plex (Fig. 2B, lanes 2–5); however, the complex band was weak
and smeary (lanes 4–5), probably due to the non-specific in-
teraction between theArg-rich peptide (conjugated to the PPMO)
and the negatively charged RNA backbone. The positively
charged Arg-rich peptide may prevent the PPMO/RNA complex
from entering the gels. Nevertheless, the 3′CSI PPMO disrupted
the 5′/3′ RNA duplex, leading to the 3′ RNA/3′ CSI PPMO
complex (Fig. 2B, lanes 6–10). The negative control, a PPMO
of scrambled sequence, did not affect the 5′/3′ RNA duplex
Fig. 3. Mutagenesis of the 5′UAR and its effects on 5′ and 3′ RNA duplex formation. (A) Sequences and stem-loop structures of six 5′UAR mutants. The altered
nucleotides are underlined. The rationales used in the design of the various 5′UAR mutations are explained in the text. The AUG initiation codon is shaded gray.
(B) Formation of an RNA duplex between the 3′ 111-nt RNA probe and various 5′ 190-nt RNAs. Increasing amounts of indicated 5′ 190-nt RNAwas added to the
3′ 111-nt probe. The reactions were separated on an 8% polyacrylamide native gel followed by autoradiography. The free probe of the 3′ 111-nt RNA and 5′ 190-nt/
3′ 111-nt RNAs duplexes are indicated on the left side of the gels.
Fig. 4. Mutagenesis of 5′UAR in aWNV luciferase-replicon. (A) The luciferase-
reporting replicon. The replicon contains a luciferase-FMDV 2A sequence to
replace the viral structural genes, resulting in the Rluc-Rep. The 3′ end of the
replicon contains an HDVR (hepatitis delta virus ribozyme). (B) Effects of 5′
UAR on WNV translation. Equal amounts of WT and mutant replicon RNAs
were transfected into BHK-21 cells. The transfected cells were assayed for
luciferase activities at 4 h post-transfection, which represented viral translation.
The numbers on each bar represent the percentages of luciferase signals in
comparison to the WT (set as 100%). (C) Effects of 5′UAR mutations on RNA
replication. Luciferase activities are presented for indicated replicons at various
time points post-transfection. The error bars represent standard deviations.
4 Rapid Communicationformation (Fig. 2B, lanes 11–13). Collectively, the results de-
monstrate that (i) the native gel could be used to directly monitor
the interactions between the 5′ and 3′ RNAs of the WNV ge-
nome, and (ii) the 5′CS/3′CSI interaction is required for genome
cyclization.
Effects of the 5′UAR mutations on 5′ and 3′ RNA interaction
To examine whether the 5′UAR/3′UAR interaction con-
tributes to WNV genome cyclization, we prepared six mutant
5′ RNAs, each containing distinct mutations in the 5′UAR
(Fig. 3A). We chose to mutate the 5′UAR, rather than the
3′UAR, because previous studies showed that the 3′-terminal
stem-loop of the flavivirus genome is critical for viral repli-
cation (Khromykh et al., 2003; Tilgner and Shi, 2004; Zeng
et al., 1998). Since the 5′UAR is located upstream of the
initiation codon in a stem-loop, we were concerned that 5′UAR
mutations would alter the RNA secondary structure of this
region and, thereby, affect viral translation. MT1 was therefore
designed to minimize the structural change by substituting one
strand of the stem with 5′-GGUGUGG-3′ (changed nucleotides
are underlined). Because of permissive G/U base paring in
RNA, MT1 was not expected to disrupt the local stem-loop
structure or the long-distance 5′UAR/3′UAR base pairings.
MT2 and MT3 contained partial strand replacement, abolishing
the base pairings within the stem; the difference between the
two mutants being that MT3 had an extra A deletion. MT4 had a
reversed loop sequence. MT5 combined the changes from MT3
and MT4, i.e., strand replacement plus loop flipping. MT6
contained an almost-complete replacement of the 5′UAR with
the reversed sequence of the 3′UAR; one-nucleotide change
was internally engineered in the reversed 3′UAR sequence,
because the wild-type sequence would create an Xba I site that
is used to linearize the cDNA plasmids for transcribing replicon
and genome-length RNAs.
When the six mutant 5′ RNAs were examined for duplex
formation with the 3′ RNA, we found that, except for MT4, all
the other 5′ RNAs could form stable duplexes with the 3′ RNA
on native gels (Fig. 3B). Thermodynamic folding of the RNAs[with the 5′ and 3′ RNAs being artificially connected by an poly
(A)20-linker, for effective analysis with Mfold (Mathews et al.,
1999)] suggested that alternative 5′UAR/3′UAR base pairings
could potentially be formed through nucleotides within and
adjacent to the MT1, MT2, MT3, MT5, and MT6 regions
(Supplementary data Fig. S1); the alternative 5′UAR/3′UAR
5Rapid Communicationinteractions resulted in minor differences in RNA conformation,
which were indicated by the mobility variance of the RNA
duplexes on native gels (Fig. 3B). In contrast, the MT4 5′RNA
could not form a duplex with the 3′ RNA, as indicated by both
gel analysis (Fig. 3B) and thermodynamic folding (Fig. S1).
None of the six mutations affected the 5′CS/3′CSI base pairing.
The results indicate that the 5′UAR/3′UAR interaction may
contribute to WNV genome cyclization.
Replicon analysis of the 5′UAR/3′UAR interaction on WNV
translation and RNA replication
We engineered the six 5′UAR mutations into a Renilla
luciferase-reporting replicon of WNV (Rluc-Rep, Fig. 4A).
Transfection of BHK-21 cells with WT Rluc-Rep RNA was
previously shown to yield two distinct luciferase peaks: one at
2–8 h post-transfection representing input RNA translation, and
the second after 12 h post-transfection representing RNA
synthesis (Lo et al., 2003). Transfection of BHK-21 cells with
equal amounts of WT and mutant replicon RNAs generated
comparable luciferase activities at 4 h post-transfection, sug-
gesting that the 5′UAR mutations do not affect viral translation
(Fig. 4B). However, all mutants showed decreased luciferaseFig. 5. Comparison of specific infectivity, plaque morphology, and protein synthesis
Equal amounts of WT and mutant genome-length RNAs were transfected into BHK
(B). At indicated time points, viral protein expression was monitored by IFA (C). A
shown in (B) are not from the same dilution-fold for various mutant and WT virusesignals at 24–120 h post-transfection, indicating reduced levels
of RNA replication (Fig. 4C). Notably, the MT4 replicon, which
contained changes that abolished the 5′UAR/3′UAR interaction,
was completely non-replicative; whereas other mutant replicons
(including MT5), which could form alternative 5′UAR/3′UAR
interactions, replicated at reduced levels compared to the WT.
These results suggest that (i) the conformation of the stem-loop
structure that includes the 5′UAR and initiation codon is not
important for WNV translation, (ii) the 5′UAR/3′UAR interac-
tion is essential for efficient RNA synthesis, and (iii) sequence
change of the 5′UAR and the alternative 5′UAR/3′UAR inter-
actions negatively affect RNA replication.
Effects of the 5′UAR mutations on WNV replication
Using an infectious cDNA clone of WNV, we prepared
genome-length RNAs containing the six 5′UARmutations. Three
parameters were used to compare the replication efficiencies of
the WTand mutant RNAs. (i) All mutant RNAs, except for MT4
RNA, produced specific infectivity values (defined as the plaque-
forming units generated by transfection of BHK-21 cells with
1 μg of RNA) comparable toWT RNA (Fig. 5A). No plaque was
detected in the specific infectivity assay after transfecting the cellsin cells transfected with genome-length RNA containing WT or mutant 5′UARs.
-21 cells and assayed for specific infectivity (A) as well as plaque morphology
verage results of three independent experiments are shown in (A). The plaques
s. See Materials and methods for details.
Fig. 6. Revertant analysis of the MT4 genome-length RNA. A single-nucleotide change was recovered from the viruses that were derived from MT4 genome-length
RNA. The adaptive nucleotide G is circled in (A). The original MT4 mutations are underlined. The revertant nucleotide was then engineered into the MT4 luciferase-
replicon, resulting in the MT4-adpt replicon. BHK-21 cells were transfect with equal amounts of the MT4-adpt, MT4, and WT replicon RNAs, and assayed for
luciferase activities at indicated time points (B). Similarly, the revertant nucleotide was engineered into the genome-length RNA to examine its ability to rescue viral
replication, as indicated by IFA (C), specific infectivity, and plaque morphology (D). Average results of three independent experiments are shown in (D). The effect of
the revertant nucleotide on genome cyclization was assayed by duplex formation between the 3′ 111-nt RNA probe and the 5′ 190-nt RNA (containing the 5′UAR
MT4 and MT4-adpt sequence) (E). The free 3′ 111-nt probe and the potential 5′/3′ RNA duplexes are indicated on the left side of the gel.
6 Rapid Communicationwith MT4 RNA. (ii) Comparison of plaques derived from cells
transfected with the various RNAs showed that the MT1, MT2,
andMT3RNAs generated plaques that were slightly smaller than
the WT RNA-derived plaques, while the MT5 and MT6 RNAsFig. 7. Revertant analysis of the MT5 genome-length RNA. A single-nucleotide adap
length RNA. The adaptive nucleotide A is circled in (A). The original MT5 mutation
(B) or the MT5 genome-length RNA (C). The resulting MT5-adpt replicon and genom
three independent experiments are shown in (C). The plaques shown in (C) are not fro
nucleotide on genome cyclization was assayed by duplex formation between the 3′
MT5-adpt sequence).yielded pin-point-sized plaques (Fig. 5B). (iii) Immunofluores-
cence assays (IFA) were performed to monitor viral protein ex-
pression in the transfected cells (Fig. 5C). Similar amounts of
IFA-positive cells were observed in cells transfected with WT,tation was recovered from the viruses that were derived from the MT5 genome-
s are underlined. The revertant nucleotide was engineered into the MT5 replicon
e-length RNAwere analyzed as described in the Fig. 6 legend. Average results of
m the same fold of dilution for mutant andWT viruses. The effect of the revertant
111-nt RNA probe with the 5′ 190-nt RNA (containing the 5′UAR MT5 and
Fig. 8. Antiviral analysis of antisense PPMOs targeting the 5′UAR/3′UAR
interaction. (A) Antiviral activities of PPMOs in a WNV replicon-containing
Vero cells. Vero cells harboring a WNV replicon with luciferase and Neo genes
(Rluc-Neo-Rep) were incubated with various concentrations of PPMOs (5′UAR,
3′UAR, or scramble) for 24 h, and assayed for luciferase activities. Error bars
indicate standard deviations. (B) Cytotoxicity analysis of PPMOs. Naive Vero
cells were treatedwith different concentrations of indicated PPMOs for 48 h, after
which the cell viability was quantified using anMTT kit. The viability of PPMO-
treated cells is presented as a percentage of the mock-treated cells (set as 100%).
(C) Inhibition of WNV by 5′UAR and 3′UAR PPMOs. Vero cells were infected
withWNVat anMOI of 0.1, and treated or mock-treated with 10 μMof indicated
PPMOs. Viral titers at various time points were quantified by plaque assays.
7Rapid CommunicationMT1, MT2, and MT3 RNAs at different time points post-
transfection; cells transfected with MT5 andMT6 RNAs showed
a delay of IFA-positive cells (most apparent at 48 h post-trans-
fection). In contrast, cells transfected with MT4 RNA did not
generate IFA-positive cells until 72 h post-transfection, suggest-
ing that revertant viruses may have emerged (see below). Overall,
the data from the genome-length RNAs agreed with the replicon
results (Fig. 4). However, the same mutation exhibited a more
dramatic phenotype in the replicon than it did in the genome-
length RNA. Similarly, our previous studies showed that an
identical mutation inWNVmethyltransferase suppressed replica-
tion more dramatically in the replicon than in the genome-length
RNA (Ray et al., 2006; Zhou et al., 2007), suggesting that the
replicon system is more sensitive to mutational effect than the
genome-length RNA.
Revertant analysis of the 5′UAR mutant WNVs
We analyzed mutant viruses recovered from the BHK-21 cells
transfected with the genome-length RNAs. At day 5 post-trans-
fection, infectious viruses could be detected from cells trans-
fected with all mutant RNAs, including the MT4 RNA. RNAs
extracted from supernatants without plaque purification were
subjected to RT-PCR amplification. Direct sequencing of the
5′ and 3′ terminal nucleotides (684 nt and 528 nt, respectively) of
the RT-PCR products (without cloning) showed that the en-
gineered 5′UAR mutations were retained. No adaptive change
was detected from theMT1, MT2, MT3, andMT6 RNA-derived
viruses. In contrast, the MT4 and MT5 RNA-derived viruses
each had one distinct nucleotide adaptation within their respec-
tive 5′UAR regions (Figs. 6A and 7A, circled nucleotides).
To characterize the adaptive mutation from the MT4 RNA
(Fig. 6A), we engineered the single-nucleotide change into the
MT4 5′UAR background in both replicon and genome-length
RNAs. As shown in Fig. 6B, the adaptive nucleotide rescued
the replication of the MT4 replicon, as indicated by the luci-
ferase signals from the MT4-adpt RNA-transfected cells during
24–120 h post-transfection. However, the replication of the
MT4-adpt replicon was still slower than the WT, as indicated
by a delay in luciferase signal. At 120 h post-transfection, the
MT4-adpt RNA yielded a luciferase signal similar to that of
the WT. In the genome-length RNA, BHK-21 cells transfected
with the MT4-adpt RNA showed a significant increase in IFA-
positive cells from 24 to 72 h post-transfection, whereas in the
MT4 RNA-transfected cells, only a few IFA-positive cells
could be detected at 72 h post-transfection (Fig. 6C). Further-
more, cells transfected with the MT4-adpt genome-length RNA
yielded a specific infectivity value of 3.0×103 PFU/μg of RNA,
and generated plaques slightly smaller than the WT plaques
(Fig. 6D). Remarkably, when the 5′ RNA containing the MT4-
adpt sequence was incubated with the 3′ RNA, the adaptive
nucleotide restored the RNA duplex formation on a native gel;
the two RNA duplex bands may represent alternative RNA
conformations (Fig. 6E). Thermodynamic folding also indicated
that the MT4-adpt RNA could form the 5′UAR/3′UAR base
pairings (Fig. S1). These results suggest that the single-nucleo-
tide adaptation recovered from the MT4 RNA could rescueRNA replication through restoration of the long-distance 5′UAR/
3′UAR interaction.
Next, we characterized the adaptive mutation (Fig. 7A) de-
rived from MT5 genome-length RNA. Engineering the point
mutation into the MT5 replicon significantly improved its re-
plication efficiency (Fig. 7B). In genome-length RNA, the
adaptive mutation slightly increased the specific infectivity
value of the MT5 RNA; the plaques recovered from the MT5-
adpt RNA-transfected cells were considerably larger than the
MT5 RNA-generated plaques, but still slightly smaller than the
WT plaques (Fig. 7C). Analysis of RNA interactions between
the 5′ RNA and the 3′ RNA on a native gel indicated that the
adaptive mutation did not change the efficiency of RNA duplex
formation; however, the adaptive mutation may affect the RNA
duplex conformations, as indicated by their slightly different
mobility patterns in the gel (Fig. 7D). These results demonstrate
that the adaptation is responsible for the improved replication of
the MT5 replicon and genome-length RNA.
8 Rapid CommunicationInhibition of WNV using antisense oligomers that block the
5′UAR/3′UAR interaction
We synthesized two antisense PPMOs that could potentially
block the 5′UAR/3′UAR interaction. The sequences of 5′UAR
and 3′UAR PPMOs were complementary to the 5′UAR and
3′UAR regions of WNV, respectively (Fig. 1C). We initially
tested the antiviral activity of these PPMOs in a cell line har-
boring a reporting replicon (containing luciferase and neomycin
phospohotransferase genes, Rluc-Neo-Rep; Fig. 8A). Incuba-
tion of the replicon cells with the 5′UAR or 3′UAR PPMO
decreased the luciferase signal in a dose-responsive manner. The
3′UAR PPMO appeared to be more potent than the 5′UAR
PPMO. No significant suppression of luciferase signal was
observed when the replicon cells were incubated with a scramble
PPMO. An MTT assay indicated that the PPMOs were not
cytotoxic at up to 20-μM concentration, indicating that the
observed antiviral activity was not due to cytotoxicity (Fig. 8B).
We further verified the antiviral activity of the PPMOs in a
viral titer reduction assay using an epidemic strain of WNV.
Vero cells were infected with the WNVat an MOI of 0.1, treated
with 10-μM PPMOs, and assayed for viral production using
plaque assays. Both 5′UAR and 3′UAR PPMOs reduced viralFig. 9. Interference of 5′ and 3′ RNA duplex formation by 5′UAR and 3′UAR PPMO
used as a probe. Various amounts of 3′UAR PPMO (A) or 5′UAR PPMO (B) were i
mixing the 5′ and 3′ RNAs at 5 pmol each). The reactions were then analyzed on an
complexes, 5′ and 3′ RNA duplexes, and possible 5′ RNA/3′ RNA/5′UAR PPMO
conformations of the RNA alone, the 5′ RNA/3′ RNA duplex, and the 5′ RNA/3′ RN
3′CSI (gray boxes), and 5′UAR PPMO (black box) are indicated. See text for detaititers by 10- to 400-fold at all time points tested (Fig. 8C). The
greatest viral suppression was observed at 18 h post-infection,
when about 120- and 400-fold decreases were elicited by the 5′
UAR and 3′UAR PPMOs, respectively. The scramble PPMO
produced no decrease in viral titers. Overall, the results demon-
strate that antisense oligomers targeting the 5′UAR and 3′UAR
regions effectively inhibit WNV in cell culture.
Interference of RNA interaction by antisense 5′UAR and
3′UAR PPMOs
To provide evidence that the antiviral activities of the 5′UAR
and 3′UAR PPMOs were mediated through interference with
long-distance RNA interaction, we examined the effects of the
PPMOs on RNA duplex formation between the 5′ and 3′ RNAs
(Fig. 9). Incubation of the 3′ RNA probe with the 3′UAR
PPMO generated a complex that migrated more slowly than the
3′ RNA probe alone, probably representing the 3′ RNA/3′UAR
PPMO complex (Fig. 9A, lanes 1–3); at 10-pmol PPMO, only a
weak 3′ RNA/3′UAR PPMO complex was observed (lane 4),
probably due to the non-specific interaction between the Arg-
rich peptide (conjugated to the PPMO) and the negatively
charged RNA backbone. Notably, adding increasing amounts ofs. The 5′ 190-nt RNA or 3′ 111-nt RNA (internally labeled with 32P-GTP) was
ncubated with either probe alone or with 5′ and 3′ RNA duplex (pre-formed by
8% native gel followed by autoradiograph. The unbound probes, probe/PPMO
tertiary complexes are labeled on the left sides of the gels. (C) Hypothetical
A/5′UAR PPMO tertiary complexes. The 5′UAR/3′UAR (unfilled boxes), 5′CS/
ls.
9Rapid Communicationthe 3′UAR PPMO successfully out-competed the 5′ and 3′RNA
duplex, leading to progressive formation of the 3′RNA/3′UAR
PPMO complex (lanes 5–9). However, the 3′ RNA/3′UAR
PPMO complex observed on the gel was much less than ex-
pected, again probably due to the Arg-rich peptide (conjugated
to the PPMO) which may prevent the complex from entering the
gel. In control reactions, the scramble PPMO did not interact
with the 3′ RNA probe or compete against the 5′/3′ duplex
formation (data not shown). These results indicate that (i) the
3′UAR PPMO may exert its antiviral activity through block-
ing the 5′UAR/3′UAR interaction; and (ii) once the 5′UAR/
3′UAR base pairings are disrupted (through the 3′UAR PPMO
in this case), the remaining interactions between the 5′ and
3′ RNAs (e.g., the 5′CS/3′CSI interaction) may not be suffi-
cient to maintain genome cyclization.
Two reciprocal experiments were performed to analyze the
effect of 5′UAR PPMO on 5′/3′ RNA duplex formation. The
first experiment used the 32P-labeled 3′ RNA as a probe. Incu-
bation of the 3′ RNA probe alone with the 5′UAR PPMO did
not yield any complex, indicating the two molecules do not
interact with each other (Fig. 9B, lanes 1–3). When the 5′ RNA/
3′ probe duplex (pre-formed by mixing 5 pmol of both 5′ and
3′ RNAs) was incubated with increasing amounts of 5′UAR
PPMO, the 5′/3′ RNA duplex was converted to a slower-
migrating band (Fig. 9B, lanes 4–6). In the reciprocal expe-
riment, the 32P-labeled 5′ RNAwas used as a probe. Incubation
of the 5′ RNA probe with the 5′UAR PPMO resulted in a probe/
PPMO complex that migrated slightly slower than the 5′ RNA
probe alone (Fig. 9B, lanes 7–9); this is expected because the
5′ RNA contained the target sequence of the 5′UAR PPMO.
Interestingly, when the 5′ probe/3′ RNA duplex was treated
with the 5′UAR PPMO, the 5′/3′ RNA duplex was converted
to a slower-migrating band (Fig. 9B, compare lanes 11–12 with
lane 10). Note that the mobility of the 5′UAR PPMO-induced
bands was identical when either 5′ or 3′ RNA was used as a
probe (compare lane 6 with 12), indicating that the slower-
migrating band may represent a tertiary complex, including the
5′ RNA, 3′ RNA, and 5′UAR PPMO (See details in Discus-
sion). Nevertheless, the results suggest that the 5′UAR PPMO
may interfere with the 5′/3′ RNA duplex.
Discussion
Plus-strand RNA viruses have developed different strategies
to bring the 5′ and 3′ ends of their genomic RNAs into prox-
imity during replication. It has been well-established that the
conserved 5′CS/3′CSI base pairings are essential for genome
cyclization and replication in the mosquito-borne flaviviruses
(Bredenbeek et al., 2003; Corver et al., 2003; Hahn et al., 1987;
Khromykh et al., 2001; Lo et al., 2003; Men et al., 1996),
whereas tick-borne flavivirus genomes cyclize through the in-
teraction of different RNA sequences (Kofler et al., 2006). In this
study, we provide biochemical and genetic evidence to sug-
gest that a second long-distance RNA interaction, the 5′UAR/
3′UAR base pairing, is critical forWNV genome cyclization and
replication. The sequence and local structure of the 5′UAR, as
well as the 5′UAR/3′UAR interaction, do not appear to modu-late viral translation. However, the 5′UAR/3′UAR interaction is
essential for viral RNA synthesis. Interference with the 5′UAR/
3′UAR interaction by antisense oligomers can inhibit WNV
replication in cell culture.
We directly measured duplex formation between two RNAs
representing the 5′ 190-nt and the 3′ 111-nt of theWNV genome
with a native gel system. Characteristics of duplex formation,
visible through banding patterns on the gels, were used to gain
insight into the potential contributions of different RNA ele-
ments to viral genome cyclization. The gel-shift results suggest
that a stable duplex formation between the 5′ and 3′ RNAs
requires both the 5′CS/3′CSI and the 5′UAR/3′UAR interac-
tions. Mutations within the 5′CS that blocked the 5′CS/3′CSI
base pairings abolished the RNA duplex formation (Fig. 2A);
similarly, one mutation within the 5′UAR (MT4) completely
abolished the RNA duplex formation (Fig. 3B). Among the six
5′UAR mutants, only MT4 (containing a reversed loop se-
quence) was defective in RNA duplex formation, whereas the
other five 5′UAR mutants were competent in RNA duplex
formation (Fig. 3B). These results were surprising as MT5 also
contained the same reversed loop sequence as well as additional
changes outside the loop; furthermore, the 5′UAR in MT6 was
almost completely replaced by a reverse sequence of the 3′UAR,
constituting an apparently more dramatic change than that of
MT4 (Fig. 3A). However, Mfold analysis of the RNAs indicates
that, except for MT4, the other mutant 5′UARRNAs could form
alternative base pairings with the 3′UAR, and with adjacent
regions as well (Fig. S1). The variance in RNA conformation of
these mutant RNA duplexes was reflected by their mobility
differences on native gels (Fig. 3B). The alternative base pair-
ings between the mutated 5′UAR and the 3′UAR underscore the
plasmatic nature of RNA interaction. Results of RNA structure
probing suggest that RNA regions spanning the 5′UAR, 5′CS,
3′CSI, and 3′UAR elements undergo conformational changes
when the 5′ 190-nt and the 3′ 111-nt of WNV genome form
an RNA duplex. Specifically, the probing results suggest that the
5′UAR, 5′CS, 3′CSI, and 3′UAR elements are in double-strand
conformation in the RNA duplex, indicating the base pairings of
5′UAR/3′UAR and 5′CS/3′CSI (Dong and Shi, unpublished
results). In general, our results agree with a recent study that the
5′UAR/3′UAR interaction contributes to DENV-2 genome cy-
clization (Alvarez et al., 2005b). Together, the results suggest
that flavivirus genomes cyclize through a general mechanism of
both 5′CS/3′CSI and 5′UAR/3′UAR interactions.
Two lines of evidence support the notion that the 5′UAR/
3′UAR base pairing interaction, but not the 5′UAR sequence, is
critical for WNV replication. First, duplex formation between
mutant 5′ RNAs and wild-type 3′ RNA correlated with repli-
cation efficiency. MT4, which was incompetent in forming the
5′/3′ RNA duplex (Fig. 3), were replication-defective in both
replicon (Fig. 4C) and genome-length RNA (Fig. 5). Other
mutants, capable of forming the 5′/3′ RNA duplex, were repli-
cation-competent; among those, MT5 and MT6 had 10-nt and
14-nt changes respectively out of the 14-nt 5′UAR sequence, and
yetmaintained replication-competence (Figs. 4 and 5). Secondly,
revertant viruses derived from the non-replicative MT4 genome-
length RNA possessed a single-nucleotide adaptation within the
10 Rapid Communication5′UAR. Engineering the adaptive nucleotide into replicon and
genome-length MT4-RNAs rescued viral replication; in addi-
tion, the adaptive mutation also restored the 5′/3′ RNA duplex
formation in our cell-free system (Fig. 6). MT5 virus also ac-
cumulated a point mutation that improved its replication; this
adaptive mutation apparently affected 5′/3′ RNA duplex con-
formation, as indicated by the mobility pattern on native gels
(Fig. 7). This adaptivemutation-associated conformational change
may be responsible for the observed replication enhancement.
The 5′UAR/3′UAR-mediated RNA interaction apparently
does not modulate viral translation, but appears to be important
for the process of RNA synthesis. Results from experiments
using our bi-phasic luciferase-replicon system showed that the
level of initial translation of the mutant and WT RNAs was
equivalent, but that viral RNA synthesis in the mutant replicons
was defective compared to WT (Fig. 4). These data agree with
our previous results showing that mutations compromising the
5′CS/3′CSI interaction did not affect viral translation, but abol-
ished RNA synthesis (Lo et al., 2003). Consistent with our
WNV results, DENV-2 replicons containing similar 5′CS/3′CSI
mismatch mutations were defective in RNA synthesis, but not
translation (Alvarez et al., 2005a).
Phylogenetic analysis shows that both the 5′CS/3′CSI and
the 5′UAR/3′UAR interactions are conserved among mosquito-
borne flaviviruses (Fig. 1A). As discussed above, genome cy-
clization is mediated through these two pairs of long-distance
RNA interactions. Since the 3′UAR is located at the bottom of
the 3′ terminal stem-loop, 5′UAR/3′UAR base pairings may
release the 3′ end of the viral genome in a single-strand con-
formation, allowing it to associate with the RdRp during the
initiation of minus-strand RNA synthesis (Fig. 9C), and thereby
forming a regulatory switch. This hypothesis bears resemblance
to a recent finding that the RdRp domain of DENV-2 recognizes
the 5′-terminal stem-loop of the viral genome to promote RNA
synthesis (Filomatori et al., 2006). The alternation of base
pairing of the 3′UAR with either the long-distance 5′UAR or
with the local 3′end may modulate different stages of viral
replication.
The critical role of genome cyclization in viral replication is
also supported by the observation that WNV replication can be
inhibited by antisense PPMOs designed to disrupt the 5′CS/
3′CSI (Deas et al., 2005) or the 5′UAR/3′UAR interactions
(Fig. 8). We provided direct evidence that the 3′CSI PPMO
(Fig. 2B) and the 3′UAR PPMO (Fig. 9A) likely exert their
antiviral effect by interference with genome cyclization. In
contrast, the 5′UAR PPMO did not appear to block the 5′ and
3′ RNA duplex formation; instead, the 5′/3′ RNA duplex was
further retarded on native gels in the presence of the 5′UAR
PPMO (Fig. 9B). Since the 3′UAR could alternate its base
pairing with the 5′UAR or with the 3′END (Fig. 9C), addition
of the 5′UAR PPMO could result in two potential 5′ RNA/
3′RNA/5′UAR PPMO tertiary complexes. The type I complex
may lack the 5′UAR/3′UAR base pairings, with the 3′UAR
interacting with the local 3′END sequence, leaving the 5′UAR
to base pair with the PPMO. The type II complex may retain the
5′UAR/3′UAR base pairings between the 5′ and 3′ RNAs,
leaving the 3′END sequence available for pairing with the5′UAR PPMO. Based on the results suggesting that reduced
5′UAR/3′UAR interaction leads to a disruption of the 5′/3′RNA
duplex formation, it seems most likely that the observed tertiary
complex represents the type II conformation.
In summary, RNA secondary and tertiary structures play
important roles in many aspects of RNA virus biology. Confor-
mational changes of RNA may regulate switching between
distinct events in the viral life cycle. Although the importance of
genome cyclization in flavivirus replication has been well-
established, more biochemical and genetic studies are required




WNV genome-length cDNA clones with different 5′UAR
mutations were constructed by using a modified pFLWNV (Shi
et al., 2002) and a shuttle vector. The shuttle vector was con-
structed by engineering the BmaH I-Sph I fragment from the
pFLWNV [representing the upstream end of the T7 promoter
(used for transcription of the genome-length RNA) to nucleotide
position 3627 of the WNV genome; GenBank no. AF404756]
into the pACYC177 vector containing a modified cloning cas-
sette (Zhou et al., 2007). A QuickChange II XL site-directed
mutagenesis Kit (Stratagene) was used to engineer the 5′UAR
mutations into the shuttle vector. The mutated DNA fragment
was pasted back into the pFLWNV clone at the BamH I and Cla I
(nucleotide position 1089) sites.
Recombinant Renilla luciferase-reporting replicons (Rluc-
Rep) of WNV with various 5′UAR mutations were constructed
by using the Rluc-Rep cDNA clone (Lo et al., 2003) and a
shuttle vector pGEM-5NTR. The pGEM-5NTR shuttle vector
was constructed by engineering the Sal I-Nsi I [located in the
replicon vector and in the luciferase gene, respectively; (Lo
et al., 2003)] fragment from the Rluc-Rep cDNA plasmid into
pGEM-9Zf(-) (Progema). Different 5′UAR mutations were in-
troduced into the pGEM-5NTR plasmid using the QuickChange
II XL site-directed mutagenesis Kit. The mutated DNA frag-
ment was then pasted back into the Rluc-Rep cDNA clone at the
BamH I and Nsi I sites. All constructs were verified by DNA
sequencing. Restriction endonucleases and T4 DNA ligase were
purchased from New England Biolabs.
RNA transcription and transfection
Replicon and genome-length RNAs were transcribed from
the Xba I-linearized cDNA plasmids using mMESSAGE
mMACHINE kits (Ambion). The transcription reactions were
performed according to the manufacturer's protocols. For trans-
fection, approximately 5 μg of RNA was electroporated into
0.8×106 BKH-21 cells in 0.8-ml cold phosphate-buffered
saline (PBS; pH 7.5) in a 0.4-cm cuvette with the GenePulser
apparatus (Bio-Rad) using settings of 0.85 kV and 25 μF,
pulsing three times with 3-s intervals. After a 10-min recovery
at room temperature, the transfected cells were diluted in 25 ml
11Rapid Communicationof DMEM containing 10% FCS, and used for experiments
described below. The same protocol was used to transfect
BHK-21 cells with various replicon RNAs.
Specific infectivity assay
A series of 1:10 dilutions were made by mixing 1 ml of the
transfected BHK-21 cell suspension (described above) with
9 ml of DMEM containing 10% FCS. One ml of cells from each
dilution was seeded to individual wells of 6-well plates con-
taining nearly confluent Vero cells (6×105 cells per well were
plated 3 days in advance). The seeded BHK-21 cells were
allowed to attach to the plates at 37 °C with 5% CO2 for 6 h
before the first layer of agar was added. A second layer of agar
containing neutral red was added after 2 days of incubation at
37 °C with 5% CO2. Plaque morphology and numbers were
recorded after incubating the plates for additional 12 to 24 h.
The specific infectivity value was calculated as the number of
PFU per μg of transfected RNA.
Immunofluorescence assay
BHK-21 cells transfected with the WNV genome-length
RNA were seeded on Chamber Slide (Nalge Nunc). At 24, 48,
and 72 h post-transfection, the cells were fixed by cold (−20 °C)
5% acetic acid in methanol for 20 min at room temperature. The
fixed cells were washed with PBS and incubated with WNV
immune mouse ascites fluid (1:100 dilution with PBS; Ameri-
can Type Culture Collection) for 1 h. After washing with PBS
for three times, the cells were incubated with goat anti-mouse
IgG conjugated with Texas Red at room temperature for another
hour. After three times of PBS wash, the slide was mounted with
90% glycerol and examined under a fluorescence microscope.
Cell images were taken at ×200 magnification.
Luciferase assay
Upon transfection of BHK-21 cells with the luciferase-
reporting replicon RNA (described above), different amounts of
transfected cells were seeded into 12-well plates to avoid over-
growth of cells at the time of luciferase assay. Specifically, 1, 1,
0.5, 0.25, and 0.25 ml of the replicon-transfected cells were
seeded per well for assaying luciferase activities at 4, 24, 48, 72,
and 120 h post-transfection, respectively. Triplicate wells were
seeded for each sample. A luciferase assay kit (Promega) was
used to measure luciferase signals. At each time point, the cells
were washed with PBS once and lysed with 250 μl lysis buffer
on a shaker for 25 min. Twenty μl of lysate was mixed with
100 μl of assay reagent, and the luciferase signals were mea-
sured with a Veritas Microplate Luminometer.
Sequencing of viral RNA
Viral RNA was extracted from virions in culture medium
using RNeasy kits (Qiagen). The extraction was performed
following the manufacture's protocol. Five μl of viral RNA
sample was used for RT-PCR using Onestep RT-PCR kit(Invitrogen). The RT-PCR products representing the 5′ terminal
684 nucleotides and the 3′ terminal 528 nucleotides were gel
purified by QIAquick Gel Extraction kit (Qiagen). The PCR
products were directly subjected to DNA sequencing.
Phosphorodiamidate morpholina oligomers (PPMO)
Four PPMOs of 20–22 bases in length were synthesized. The
sequences of the PPMOs and their targeted nucleotides are
listed in Fig. 1C. Each PPMO was 5′-end conjugated with an
Arg-rich peptide (denoted as P007) for efficient delivery into
cells. The peptide-conjugate and the chemistry of PPMO back-
bone were described previously (Deas et al., 2005).
Antiviral assays
Aviral titer reduction assay and a replicon cell line were used
to examine the antiviral activities of antisense PPMOs. For viral
titer reduction assays, 9×105 Vero cells in 1 ml DMEMmedium
plus 10% FCS were seeded in each well of a 12-well plate. After
12 h incubation, the cells were infected with WNVat an MOI of
0.1 in 100 μl of BA-1 solution (Deas et al., 2005). After 1 h
infection, 900 μl of DMEM plus 2% FCS; PPMO was added to
a final concentration of 10 μM. Culture medium were collected
at various time points post-infection and stored at −80 °C. Viral
tiers were determined using a double-overlayer plaque assay
(Puig-Basagoiti et al., 2005). For antiviral assays in the report-
ing replicon cells, 1×104 luciferase-replicon cells were seeded
in each well of a 96-well plate. After 16 h incubation, various
concentrations of PPMOs were added; the cells were assayed
for luciferase activities after 24 h treatment with the PPMOs.
DMEM plus 10% FCS (without neomycin which was usually
included to maintain the replicon cells) were used for the re-
porting cells during antiviral assays.
Cytotoxicity assay
Acell proliferation-basedMTT kit (a tetrazolium colorimetric
assay; American Type Culture Collection) was used to estimate
the cytotoxicity of PPMOs. Briefly, Vero cells (1×104 cells in
100 μl DMEM plus 10% FCS) were seeded per well of a 96-well
plate. After 6 h incubation, different concentrations of PPMO
(dissolved in water) were added to the cells. After 48 h incu-
bation, 10 μl of MTT reagent [3-(4, 5-dimethylthiazolyl-2)-2,
5-diphenyltetrazolium bromide] was added. After another 3.5 h
incubation, 100 μl detergent reagent was added. The plates were
swirled gently and left in darkness at room temperature for 4 h.
The absorbance of the plate was measured through a microtiter
plate reader (Molecular Devices Corporation) with a 550-nm
filter. The cytotoxicity of the PPMOwas estimated by comparing
the absorbance from the compound-treated cells versus the
absorbance from the mock-treated cells.
Native gel analysis of 5′ and 3′ RNA duplex formation
Cold and 32P-labeled RNAs representing the 5′ 190-nt or the
3′ 111-nt of the WNV genome were prepared for analyzing
12 Rapid CommunicationRNA/RNA interactions. The cold RNAs were transcribed from
PCR products containing a T7-promoter sequence followed by
the template sequence (Ray et al., 2006). For preparing RNA
probes, α-32P-GTP was internally incorporated into RNAs
during transcription using a MEGAscript T7 Kit (Ambion).
After transcription, the template DNA was digested using
DNase I according to the manufacturer's protocol. The reactions
were passed through two G-25 columns (GE Healthcare) to
remove unincorporated NTPs. The resulting RNA was mea-
sured using a scintillation counter.
For analyzing RNA duplex formation between the 5′ 190-nt
and 3′ 111-nt RNAs, approximately 5 pmol RNA probe (2.5×
104 to 4.5×104 CPM) was mixed with its counterpart cold RNA
in a total volume of 15 μl buffer containing 50 mM Tris–HCl,
pH 8.0, 200 mM NaCl, and 5 mM MgCl2. For analyzing the
effects of antisense PPMOs on the 5′ and 3′ RNA duplex for-
mation, various concentrations PPMOs were added during the
reaction assembly. The reactions were incubated at room tem-
perature for 30 min, and analyzed on an 8% polyacrylamide
native gel (15×15 cm2) followed by autoradiography.
RNA folding
RNA folding was predicted by Mfold program (Mathews
et al., 1999). The 5′ and 3′ stem-loop structures of WNV, YFV,
and DENV-1 were folded using corresponding sequences of the
genome (Fig. 1A). The interactions between WNV 5′ 190-nt
and 3′ 111-nt RNAs were analyzed using the 5′ and 3′ RNA
sequences connected with a poly(A)20-linker (Supplementary
data Fig. S1).
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